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        Introduction 
  Gonadotropin hormone  –  releasing hormone-1 (GnRH-1) regu-
lates anterior pituitary gonadotropes and it is essential for re-
production. GnRH-1 – secreting neurons originate from the nasal 
placode (  Wray, 2002  ) during embryonic development and 
migrate to the hypothalamus apposed to olfactory-vomeronasal 
nerves (  Schwanzel-Fukuda and Pfaff, 1989  ;   Wray et al., 1989  ). 
In humans, several monogenic disorders leading to idiopathic 
hypogonadotropic hypogonadisms (IHH) are caused by disruption 
of GnRH-1 neuronal ontogeny/migration (  Gonzalez-Martinez 
et al., 2004  ). Unraveling new genetic pathways involved in the 
regulation of GnRH-1 system development is relevant for under-
standing the basis of pathogeneses leading to human IHH  disorders. 
However, the full repertoire of molecular cues regulating the 
migratory process, and the correct targeting of GnRH-1 neurons 
to the hypothalamus have not been elucidated. The under  lying 
mechanisms are believed to involve different classes of signal-
ing molecules. In recent years, pleiotropic factors have been 
added to the list of molecules infl  uencing the development of 
the GnRH-1 neuroendocrine compartment. Among these, he-
patocyte growth factor (HGF;   Giacobini et al., 2007  ) and se-
creted-class 3 semaphorins (  Cariboni et al., 2007  ) have been 
shown to play a role in the control of GnRH-1 migratory pro-
cess. Semaphorins constitute one of the largest protein families 
of phylogenetically conserved guidance cues (  Tran et al., 2007  ). 
Although originally identifi  ed as embryonic axon guidance cues, 
secreted and membrane-bound semaphorins are now known to 
regulate multiple, distinct processes crucial for neuronal net-
work formation, including axon growth, dendritic morphology, 
and neuronal migration ( Casazza et al., 2007 ;  Zhou et al., 2008 ). 
  I
n mammals, reproduction is dependent on speciﬁ  c neu-
rons secreting the neuropeptide gonadotropin hormone  –
  releasing hormone-1 (GnRH-1). These cells originate 
during embryonic development in the olfactory placode 
and migrate into the forebrain, where they become integral 
members of the hypothalamic  –  pituitary  –  gonadal axis. This 
migratory process is regulated by a wide range of guid-
ance cues, which allow GnRH-1 cells to travel over long 
distances to reach their appropriate destinations. The Sema-
phorin4D (Sema4D) receptor, PlexinB1, is highly expressed 
in the developing olfactory placode, but its function in this 
context is still unknown. Here, we demonstrate that PlexinB1-
deﬁ  cient mice exhibit a migratory defect of GnRH-1 neurons, 
resulting in reduction of this cell population in the adult 
brain. Moreover, Sema4D promotes directional migration 
in GnRH-1 cells by coupling PlexinB1 with activation of the 
Met tyrosine kinase (hepatocyte growth factor receptor). 
This work identiﬁ  es a function for PlexinB1 during brain de-
velopment and provides evidence that Sema4D controls 
migration of GnRH-1 neurons.
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high-affi  nity receptors, PlexinB1 and PlexinB2, are highly ex-
pressed in the developing olfactory structures (  Perala et al., 
2005  ;   Deng et al., 2007  ), their functions in the development of 
the olfactory and GnRH-1 systems are still unknown. 
  Here, we fi  nd that Sema4D expression is present along the 
GnRH-1 migratory route, with a peak of expression in the hypo-
thalamic target area, and that GnRH-1 cells express the Sema4D 
receptor PlexinB1, but not PlexinB2, in a temporal window as-
sociated with their migratory process. Analysis of PlexinB1-
defi  cient mice revealed a migratory defect of GnRH-1 cells, 
leading to reduced size of this neuronal population in adult brains. 
Using different experimental approaches, we demonstrated that 
Sema4D promotes the migratory activity of immortalized GnRH-1 
cells through the activation of PlexinB1 and the associated 
Met receptor. 
  Collectively, our data reveal a novel function of Sema4D in 
the development of GnRH-1 neurons and identify the PlexinB1  –
  Met receptor complex as a fundamental asset for neuronal cell 
migration and guidance. 
Accumulating evidence shows that semaphorins can repel or at-
tract a wide range of neuronal and nonneuronal cells depend-
ing on the cellular targets and on the expression of different 
subunits of the receptor complexes (  Giordano et al., 2002  ; 
  Pasterkamp et al., 2003  ;   Conrotto et al., 2005  ;   Swiercz et al., 
2007 ;   Chen et al., 2008  ). 
  It has been shown that the main transducing semaphorin 
receptors belong to the plexin family (  Tran et al., 2007  ). Plexins 
can associate with other membrane receptors, leading to activa-
tion of different biological programs (  Giordano et al., 2002  ; 
  Conrotto et al., 2004  ,   2005  ;   Swiercz et al., 2004  ,   2007  ). In fact, 
we have previously shown that Semaphorin4D (Sema4D), other 
than being a collapsing signal for axonal growth cones (  Swiercz 
et al., 2002  ), may also induce chemotaxis of epithelial and endo-
thelial cells, and that it functions as a proangiogenic factor 
through coupling its receptor PlexinB1 with the Met tyrosine 
kinase (  Giordano et al., 2002  ;   Conrotto et al., 2004  ,   2005  ). Yet, 
the potential role of Sema4D in regulating neuronal cell migra-
tion has not been investigated so far. Moreover, although Sema4D 
  Figure 1.       Sema4D and PlexinB1 are expressed along the GnRH-1 migratory route.   (a) Sema4D immunoreactivity is detected in the nasal mesenchyme 
(nm), surrounding the OE and VNO epithelia. A robust staining is evident at the nasal forebrain junction and rostral forebrain (see higher magniﬁ  cation 
view of box 1) as well as in the basal forebrain (bfb; see higher magniﬁ  cation view of box 2). (b) The speciﬁ  city of the staining was conﬁ  rmed by omission 
of the primary antibody incubation (see high-power view images in boxes 1 and 2). Sections in panels a and b were counterstained with the nuclear dye 
methyl green to allow visualization of the background tissue. (c  –  f) Consecutive sagittal sections of an E12.5 mouse immunostained, respectively, for GnRH-1 
and PlexinB1. (c and e) GnRH-1  –  immunoreactive cells emerged from the developing VNO and migrate through the olfactory mesenchyme (arrows) toward 
the forebrain (fb). GnRH-1  –  labeled sections were counterstained (methyl green) to allow the identiﬁ  cation of the different anatomical structures. (d and f) 
PlexinB1 immunoreactivity is distributed in the developing OE, in the VNO, and in a group of cells migrating out of the presumptive VNO (see arrows in f). 
These cells are distributed in a spatial and temporal pattern that parallels GnRH-1 immunostaining (arrows in e and f). (g and h) A sagittal section of 
an E12.5 mouse nose double-stained for PlexinB1 (green) and     III-tubulin (red) indicates coexpression of these antigens in the OE, VNO, and in cells 
(h, arrowheads) and ﬁ  bers (g, arrows) emerging from these structures. (i and j) A sagittal section of an E12.5 mouse nose double-stained for PlexinB1 (i) 
and NCAM (j) indicates coexpression of these antigens along the olfactory/vomeronasal axons, as shown by high-power confocal analysis (i, inset, which 
is an enlarged view of the boxed region). Broken lines indicate the boundary between the nose and the forebrain. cp, cribriform plate; fb, forebrain; 
lv, lateral ventricle; ge, ganglionic eminence; t, tongue. Bars: (a and b) 500   μ  m; (a and b, insets) 125   μ  m; (c and d) 250   μ  m; (e and f) 50   μ  m; (g) 50   μ  m; 
(h) 30   μ  m; (i and j) 100   μ  m; (i, inset) 30   μ  m.     557 SEMA4D-MEDIATED G  N  RH-1 CELL MIGRATION   • Giacobini et al. 
  To further confi  rm that PlexinB1 was expressed along the 
developing olfactory axons, double-label immunofl  uorescence 
was performed for PlexinB1 (  Fig. 1 i  ) and neural cell adhesion 
molecule (NCAM;   Fig. 1 j  ), another marker of the olfactory  –
 vomeronasal system ( Calof and Chikaraishi, 1989 ). PlexinB1 and 
NCAM expressions overlapped along olfactory axon bundles 
crossing the nasal mesenchyme at E12.5, as shown by single 
confocal planes (  Fig. 1 i  , inset). Hence, the PlexinB1 receptor 
demarcated the olfactory system and the migratory GnRH-1 cell 
population. Because of low signal-to-noise levels in the devel-
oping brain, we were unable to detect specifi  c immunoreactivity 
for PlexinB1 along the vomeronasal caudal nerve that GnRH-1 
cells follow into the ventral forebrain (  Yoshida et al., 1995  ) nor 
in GnRH-1 neurons located in the brain at later developmental 
stages (E14.5 and E17.5; unpublished data). 
  The developmental expression patterns of Sema4D and 
PlexinB1 are consistent with a role of Sema4D as guidance cue 
for migratory GnRH-1 cells and/or developing olfactory axons. 
  Primary GnRH-1 neurons express PlexinB1 
but not PlexinB2 during their 
migratory process 
  It has been previously shown that the migration of GnRH-1 neu-
rons observed in vivo is consistently recapitulated in nasal ex-
plants ex vivo (  Fig. 2, a and b  ;   Fueshko and Wray, 1994  ). 
[ID]FIG2[/ID]  We 
obtained nasal explants and isolated single GnRH-1 cells at 3, 4.5, 
10, and 28 d in vitro (div). From 3 to 7 div, GnRH-1 cells dis-
play high cell motility and migrate off the explant tissue mass as-
sociated to the olfactory axons (  Fig. 2, a and b  ); whereas, at 10 
and 28 div, GnRH-1 cells display characteristics of postmi-
gratory and fully differentiated neurons ( Fueshko and Wray, 1994 ). 
The expression pattern of PlexinB1 and PlexinB2 transcripts, 
the only known Sema4D receptors expressed in the central ner-
vous system, was examined within individual GnRH-1 neu-
rons (  Fig. 2, c and d  ). A higher percentage of GnRH-1 neurons 
  Results 
  Sema4D/PlexinB1 expression in the 
developing nasal regions 
  Sema4D is a membrane-bound semaphorin that is also proteo-
lytically released in diffusible form in the extracellular space. 
To gain further insights into the function of this molecule in the 
developing GnRH-1  –  olfactory systems, we determined the spa-
tiotemporal expression pattern of Sema4D protein during mouse 
embryonic development. At embryonic day 12.5 (E12.5), a ro-
bust Sema4D immunoreactivity was detectable in the rostral as-
pect of the developing forebrain ( Fig. 1 a , see high-magnifi  cation 
view in box 1) and in the basal forebrain (  Fig. 1 a  , see high-
magnifi  cation view in box 2), which, respectively, represent the 
intermediate and fi  nal targets of GnRH-1 migratory process 
( Fig.  1  a ). 
[ID]FIG1[/ID]  Sema4D was also found to be expressed in the same 
regions at E14.5 and E17.5 (unpublished data). Inclusion of a 
staining control (cntr) confi  rmed the specifi  city of the Sema4D 
staining (  Fig. 1 b  ; no primary antibody). 
 It was previously found that the PlexinB1 transcript is highly 
expressed in the developing vomeronasal organ (VNO) and olfac-
tory epithelium (OE;   Perala et al., 2005  ). Immunohistochemistry 
for PlexinB1 and GnRH-1 was performed on consecutive sagittal 
sections of mouse embryos. At E12.5, the PlexinB1 expression 
pattern paralleled GnRH-1 neuronal distribution in the nasal region 
(  Fig. 1, c  –  f  ). Indeed, GnRH-1  –  expressing cells migrating through 
the nasal mesenchyme (  Fig. 1 e  ) likely coincide with those posi-
tive for PlexinB1 (  Fig. 1 f  ). At this developmental stage, the recep-
tor was also expressed in the developing OE and in the presumptive 
VNO, as demonstrated by simultaneous PlexinB1/   III  tubulin 
immunofl  uorescence experiments (  Fig. 1, g and h  ).    III  tubulin 
is a neuron-specifi  c marker that strongly labels the early olfactory 
and vomeronasal structures during embryogenesis ( De Carlos et al., 
1996 ;  Roskams et al., 1998 ). Double-labeled cells and fi  bers emerg-
ing from the VNO were also detected (  Fig. 1 h  , arrowheads). 
  Figure 2.       PlexinB1 expression changes as 
a function of age within GnRH-1 neurons.   
(a and b) Photomicrograph of a nasal explant 
labeled for GnRH-1 (brown) and peripherin (blue) 
at 7 div. From 3 to 7 div, GnRH-1 neurons migrate 
from the olfactory pit epithelia (OPE), follow-
ing olfactory axons to the midline and off the 
explant into the periphery. At 7 div, a large 
population of GnRH-1 neurons is located in 
the periphery of the explant (b). Panel b is an 
enlarged view of the box in panel a. (c) Sum-
mary of the percentage of GnRH-1 neurons ex-
pressing each transcript (PlexinB1, PlexinB2, 
and GnRH-1) by single-cell RT-PCR analysis. 
(d) Representative gel of PCR products from in-
dividual GnRH-1 cells at different in vitro time 
points. (e) Approximately 60% of the examined 
migratory GnRH-1 neurons (  n   = 8) expressed 
PlexinB1, whereas only 9% of the postmigra-
tory cells (  n   = 11) were positive for PlexinB1. 
PlexinB2 mRNA was not detected in GnRH-1 
neurons at any stage analyzed. *, signiﬁ  cantly 
different from other time points (P   <   0.005). 
Statistical signiﬁ   cance was determined using 
Wilcoxon-Mann-Whitney nonparametric test. 
Em, E17.5 embryo; NMC, nasal midline carti-
lage; W, water. Bars: (a) 200   μ  m, (b) 20   μ  m.     JCB • VOLUME 183 • NUMBER 3 • 2008  558
receptor, even though a residual binding to PlexinB2 is also de-
tectable. Moreover, an intense AP positivity was observed in clus-
ters of cells emerging from the VNO in WT embryos (  Fig. 3 d  , 
arrow, see inset). We confi  rmed that these elements were indeed 
migratory GnRH-1 cells by double-staining an adjacent section 
for GnRH-1 and   III tubulin ( Fig. 3 e , arrows, see inset).  Instead, 
in PlexinB1 knockout (KO) embryos, Sema4D was bound, though 
lightly, to the VNO cells and fi  bers, but not to migratory cell 
clusters (  Fig. 3, g and h  , arrows). 
  Altered migratory process of GnRH-1 
neurons in PlexinB1 
    /       mice 
  To investigate the functional relevance of PlexinB1 in the devel-
opment of the GnRH-1 neuroendocrine compartment, we exam-
ined the phenotype of PlexinB1-defi  cient mice as compared with 
WT. We analyzed the GnRH-1 cell distribution in the nasal com-
partment and in the brain of E14.5 embryos (  Fig. 4, a and b  ) and 
of postnatal day 3 (P3) mice ( Fig. 4, c and d ). 
[ID]FIG4[/ID]  At E14.5, PlexinB1-
null mice revealed a mild but statistically signifi  cant accumula-
tion of GnRH-1 neurons in the nasal compartment (  Fig. 4 b  ). 
Concomitantly, in PlexinB1 
   /     embryos, fewer GnRH-1 cells 
reached the brain compared with their WT counterparts (  Fig. 4 b  ), 
in spite of a similar total number of GnRH-1  –  positive cells (WT: 
1180  ±  56,  n  = 13; PlexinB1 
   /   : 1318  ±  69,  n  = 10;  t  test, P = 0.1). 
expressed PlexinB1 between 3 and 4.5 div compared with 10 
and 28 div (P   <   0.005;   Fig. 2 e  ), whereas all examined cells were 
negative for PlexinB2 (  Fig. 2 e  ). These results indicate that 
PlexinB1 is expressed by GnRH-1 cells in a temporal window 
limited to their migratory phase. 
  Sema4D binds the developing olfactory  –
  vomeronasal system and migratory 
GnRH-1 cells 
  To assay whether cells in the olfactory  –  GnRH-1 system could 
interact with Sema4D, we performed binding studies by incu-
bating mouse embryonic sections with Sema4D recombinant 
protein fused to AP (Sema4D-AP;   Barberis et al., 2004  ). In brain 
sections derived from E14.5 PlexinB1 
+/+   mice,  Sema4D-AP 
protein tightly bound to the VNO, OE, and olfactory/vomeronasal 
axons (  Fig. 3, c and d  ), whereas no background binding was 
observed when Sema4D-AP incubation was omitted (  Fig. 3, 
a and b  ). 
[ID]FIG3[/ID]  To determine the relative contribution of PlexinB1 and 
PlexinB2 in Sema4D binding, we performed the same experi-
ments on sections of PlexinB1-null mice (  Fazzari et al., 2007  ). 
Interestingly, the AP signal was much weaker in PlexinB1-defi  cient 
embryos (  Fazzari et al., 2007  ) compared with wild-type (WT) 
animals (  Fig. 3, f and g  ), which indicates that Sema4D binds the 
developing VNO  –  olfactory system, mainly through PlexinB1 
  Figure 3.       Recombinant Sema4D-AP binds the 
embryonic vomeronasal –  olfactory systems and 
GnRH-1 cells.   (a and b) Sagittal sections of an 
E14.5 PlexinB1 
+/+   head incubated with mock-
conditioned medium. No labeling is detect-
able in these samples. Dashed lines indicate, 
respectively, the presumptive VNO and OE, 
and the border between the nose and the fore-
brain. (c and d) Sema4D-AP binding on a sag-
ittal section of an E14.5 PlexinB1 
+/+   forehead. 
Sema4D-AP strongly binds the OE as well as 
the olfactory nerves. (d) Sema4D-AP is also 
bound to the vomeronasal neurons, whereas 
the nonsensory VNO epithelium is depleted 
of any staining (asterisk). Intense labeling is 
evident along vomeronasal axons and migra-
tory cells emerging out of the VNO (arrow, see 
inset). (e) An adjacent section, double-stained 
for GnRH-1 (green) and     III-tubulin (red), indi-
cates coexpression of these antigens in migra-
tory cells (arrows), as shown by high-power 
confocal analysis (see inset), and suggests that 
these cells are distributed in a spatial pattern 
that parallels the Sema4D-AP staining (see d). 
(f and g) Sema4D-AP weakly binds the VNO  –
  OE systems in E14.5 PlexinB1 
    /      foreheads. 
(g) High magniﬁ   cation of the VNO showing 
that the AP signal in the VNO and along the 
vomeronasal axons (arrows) is less intense in 
mutant than in WT embryos. (h) An adjacent 
section was double-stained for GnRH-1 (green) 
and     III-tubulin (red) to show that in PlexinB1 
KO embryos, Sema4D is not bound to GnRH-1 
cells (arrows; see inset). CP, cribriform plate; 
NM, nasal mesenchyme. Bars: (a) 600   μ  m; 
(b) 160   μ  m; (c and f) 150   μ  m; (d, e, g, and h) 
50   μ  m; (d, e, and h, insets) 20   μ  m.     559 SEMA4D-MEDIATED G  N  RH-1 CELL MIGRATION   • Giacobini et al. 
The migratory defect was more evident at P3. Brains of P3 
PlexinB1 
   /    mice ( n  = 3) contained 20% fewer cells (P  <  0.05) dis-
persed in the ventral forebrain compared with WT littermates 
(  n   = 4;   Fig. 4, d  –  f  , arrows). However, a 16% accumulation of 
GnRH-1 cells was observed at the level of the olfactory bulb in 
null animals (  Fig. 4 f  , arrowheads, see inset). The total number of 
GnRH-1  –  positive cells was not statistically different between 
WT mice and mutants (WT: 870   ±   92; PlexinB1 
   /    : 777   ±   84; 
  t   test, P = 0.5). The development of GnRH-1 and the olfactory 
systems are intimately entwined (  Wray, 2002  ). If the course of the 
olfactory axons is disrupted, so is the migratory process of GnRH-1 
cells. Evaluation with peripherin (  Fueshko and Wray, 1994  ) 
immunohistochemistry of the olfactory/vomeronasal axons, along 
which the GnRH-1 neurons migrate, revealed no abnormalities in 
these transgenic mice (unpublished data). 
  To investigate whether the delay in the migratory process 
would be refl  ected in the size of the GnRH-1 neuronal popula-
tion in adult animals, we collected alternating coronal sections 
from adult mutants and WT mice and examined them for GnRH-1 
expression by immunohistochemistry. Our analysis showed that 
although in WT animals many GnRH-1  –  immunoreactive fi  bers 
innervated the median eminence, where these cells release the 
hormone into the pituitary portal capillary system, the density 
of these fi  bers was signifi  cantly reduced in PlexinB1 
   /     animals 
(  Fig. 4 g  ). Moreover, a marked reduction in the total number of 
GnRH-1 neurons in the brains of PlexinB1 
   /     mice was de-
tected (  Fig. 4 h  ). 
  Sema4D induces Met activation in 
immortalized GnRH-1 cells 
  The manipulation of the GnRH-1 migratory system and func-
tional studies on these neurons have been challenging because 
of their limited number (800 in mice and 1,000  –  2,000 in pri-
mates) and widely dispersed distribution in the olfactory system. 
The generation of immortalized GnRH-1 neurons has permitted 
the study of more immature, migratory neurons (NLT and GN11 
cell lines;   Radovick et al., 1991  ). In particular, GN11 cells dis-
play a remarkable motility in vitro, and they have been largely 
used to investigate the molecular mechanisms controlling the 
directional migration of GnRH-1 neurons (  Giacobini et al., 2002  ; 
  Cariboni et al., 2005  ,   2007  ). 
  We previously demonstrated that migratory GnRH-1 cells 
(both primary GnRH-1 neurons [  Giacobini et al., 2007  ] and 
GN11 cells [  Giacobini et al., 2002  ]) express Met and are func-
tionally regulated by its ligand HGF. To exploit these cells for 
functional studies in response to Sema4D, we fi  rst verifi  ed that 
  Figure 4.       Migration of GnRH-1 neurons in PlexinB1 
    /      mice is delayed.   
(a and b) Photomicrograph showing GnRH-1 (brown) immunoreactivity in 
a sagittal section of an E14.5 WT embryo. The areas of analysis for GnRH-1 
neuron location along the migratory pathway were the nasal compart-
ment and the brain, respectively. The broken line in panel a indicates the 
boundary between these regions, and the arrows point to GnRH-1  –  labeled 
cells dispersed from the VNO to the basal forebrain (bfb). (b) Analysis of 
GnRH-1 neurons location revealed a signiﬁ  cant accumulation of cells in the 
nasal region of PlexinB1 KO mice compared with WT. Consistently, fewer 
GnRH-1 cells were located in the brain of mutant embryos as compared 
with WT. Quantitative analysis of GnRH-1 neurons was performed as a 
function of location (nasal region and brain). GnRH-1 cell distribution is 
presented as the mean percentage of labeled cells located in the nose or 
in the brain of WT and PlexinB1 KO embryos (E14.5 WT:   n   = 13; E14.5 
PlexinB1 
    /     :   n   = 10). Statistical signiﬁ  cance was determined using Krus-
kal-Wallis nonparametric test (P   <   0.05). (c) At P3, the GnRH-1 migratory 
process is over and the great majority of GnRH-1 neurons have reached 
the ventral forebrain (vfb). The distribution of these cells was analyzed in 
the nasal region, in the olfactory bulb (ob), and in the vfb at this develop-
mental stage. (d) Approximately 16% of the entire population is accumu-
lated in the ob, whereas fewer cells (    20% less) are dispersed in the vfb 
compared with WT littermates. Quantitative analysis of GnRH-1 neurons 
was performed as a function of location (nose, ob, and vfb). GnRH-1 cell 
distribution is presented as the mean percentage of labeled cells in each 
compartment (P3 WT:   n   = 3; P3 PlexinB1 
    /     :   n   = 4). Statistical signiﬁ  cance 
was determined using Kruskall-Wallis nonparametric test (P   <   0.05). (e and f) 
High-power views of sagittal sections of P3 WT and mutants stained for 
GnRH-1. (e) In WT animals, GnRH-1 neurons are mainly located in the vfb 
(see arrows and insets, which show enlarged views of the boxed regions), 
whereas few cells are distributed in the ob area (arrowheads). (f) In Plex-
inB1 
    /      mice, abnormal clusters of GnRH-1 cells are located at the level of 
the cribriform plate (cp; see inset) and of the ob (arrowheads), and fewer 
cells reached the vfb region (arrows). (g) Photomicrograph showing GnRH-1 
immunoreactivity in coronal sections of adult WT and PlexinB1-null mice. 
The principal ﬁ  bers  ’   projections of GnRH-1 neurons are to the median 
eminence (me), and this region showed a dramatic loss of GnRH-1 ﬁ  bers 
in mutant mice (g, right) compared with WT littermates (left). The bottom 
photomicrographs show high-power views of the median eminence in WT 
and KO brains. (h) Quantitative analysis of GnRH-1 neuronal population 
in adult brains revealed a 30% reduction of these cells in brains of PlexinB1 
mutants as compared with WT (WT:   n   = 3; PlexinB1 
    /     :   n   = 5). The total 
number of cells was calculated and combined to give group means   ±   
SEM. *, statistical signiﬁ  cance was determined using a paired   t   test (P   <   
0.0005). cx, cortex. Bars: (a) 500   μ  m, (c) 600   μ  m; (e and f) 300   μ  m, (e and f, 
insets) 30   μ  m; (g, top) 125   μ  m; (g, bottom) 62.5   μ  m.     
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GN11 cells retained coexpression of Met and PlexinB1 recep-
tors, as seen for their counterparts in vivo. 
  Double-labeling experiments followed by confocal micros-
copy analysis showed that Met and PlexinB1 receptors are co-
distributed throughout the cell surface of GN11 cells (  Fig. 5 a  ) 
and often colocalize in dot-like clusters, as shown by single confo-
cal plane images ( Fig. 5 a , merge). 
[ID]FIG5[/ID]  Western blot analysis confi  rmed 
Met and PlexinB1 coexpression in GN11 cells (  Fig. 5 b  ), and 
coimmunoprecipitation studies demonstrated PlexinB1  –  Met as-
sociation in a molecular complex that increased upon Sema4D 
stimulation (  Fig. 5 c  ). Moreover, when GN11 cells were treated 
for 30 min with either HGF (0.5 nM) or soluble Sema4D (0.5, 
1.25, 5, and 25 nM), the Met receptor became tyrosine phos-
phorylated, which indicates activation of its signal transduction 
(  Fig. 5 d  ). Interestingly, as known for other receptors, we observed 
a bell-shaped curve of tyrosine kinase activation in response to 
increasing concentrations of Sema4D (  Fig. 5 d  ). 
  Sema4D induces chemotaxis 
of GnRH-1 cells 
  Semaphorins are known to regulate cytoskeletal dynamics (  Tran 
et al., 2007  ). Interestingly, we observed that GN11 cells de-
veloped membrane ruffl  es and lamellipodial extensions within 
10 min of Sema4D treatment, as visualized by F-actin staining 
(  Fig. 6 a  ). 
[ID]FIG6[/ID]  Moreover, in treated cultures, cells extended a leading 
edge with actin ruffl  es ( Fig. 6 a , arrow), a typical sign of local Rac 
activation, and depolymerized actin fi  bers at the rear edge ( Fig. 6 a ). 
These data indicated that Sema4D stimulation triggers cytoskele-
tal remodeling that is typical of migratory cells. To assess whether 
Sema4D can actually regulate the directional migration of GN11 
cells, we performed microchemotaxis assays using Boyden  ’  s 
chamber. As shown in   Fig. 6 b  , soluble Sema4D induced a clear 
chemoattraction on GN11 cells as compared with cntr conditions. 
Sema4D exerted its effect in a concentration-dependent manner, 
with maximal response at 5 nM (  Fig. 6 b  ). To elucidate whether 
the effect of Sema4D on GN11 motility was directional chemo-
taxis or simply the induction of random motility (i.e., chemokine-
sis), the cells were exposed to the same concentration of Sema4D 
(5 nM), added either in the lower chamber only, or in both upper 
and lower compartments of the Boyden  ’  s chamber. We observed 
a clear directional chemotaxis when the cells were exposed to a 
gradient of Sema4D diffusing from the lower chamber but only a 
modest induction of random cell motility when the factor was 
evenly distributed in both compartments (  Fig. 6 b  ). 
  During embryonic development, HGF expression has been 
documented in the nasal mesenchyme and in the developing 
olfactory bulb (  Thewke and Seeds, 1996  ;   Giacobini et al., 2007  ), 
with a spatiotemporal pattern that mimics Sema4D localization. 
Therefore, we examined if these two ligands could functionally 
cooperate or act in parallel in biological assays. We treated GN11 
cells with optimal doses of Sema4D (5 nM) and HGF (0.5 nM), 
either alone or in combination. An additive effect for Met activa-
tion was observed when the two molecules were added together 
(  Fig. 6 c  ). Moreover, the migratory response of GN11 cells in 
chemotaxis experiments was signifi  cantly increased, even though 
they were not additive, compared with the single ligand stimula-
tions, which supports the notion that these molecules can act in 
parallel to induce neuronal cell migration through direct (HGF) 
and indirect (Sema4D) activation of Met (  Fig. 6, d and e  ). 
  Sema4D-induced migration is mediated 
by Met 
  To evaluate whether Met is functionally required for Sema4D-
induced motogenic effect, we performed three-dimensional matrix 
assays by coculturing for 72-h aggregates of GN11 cells together 
with aggregates of Sema4D-secreting or mock-transfected COS 
cells in the presence or absence of the specifi  c Met kinase inhibitor 
  Figure 5.       Met and PlexinB1 associate in a complex, and Sema4D acti-
vates Met in GN11 cells.   (a) Double immunoﬂ  uorescence was performed on 
GN11 cells using antibodies to Met (green) and PlexinB1 (red) receptors. 
Confocal microscopy analysis revealed that a fraction of Met and PlexinB1 
colocalize in dot-like clusters on the cell surface (see yellow dots in merged 
images). The far right panel is an enlarged view of the box region. Bar: 
(left three panels) 10   μ  m; (far right) 3   μ  m. (b) GN11 cell whole lysates 
were analyzed by WB with antibodies against Met (top) and PlexinB1 (bot-
tom). GN11 cells endogenously express both receptors. We detected two 
speciﬁ  c bands corresponding to single-chain and cleaved heterodimeric 
forms of PlexinB1, as described previously in human and murine cells 
(  Artigiani et al., 2003  ;   Fazzari et al., 2007  ). (c) GN11 cells were treated for 
30 min with 5 nM Sema4D (derived from Sema4D-expressing cells). Cell 
lysates were immunoprecipitated using anti-PlexinB1 or rabbit anti  –  mouse 
Ig (RaMig) as a control. Western blots were then probed with anti-Met 
antibodies. Data show that endogenous Met and PlexinB1 receptors ba-
sally coprecipitate in GN11 cells, and this association is increased after a 
30-min stimulation with Sema4D. (d) GN11 cells were treated for 30 min 
with 0.5 nM HGF (    50 ng/ml) or with semipuriﬁ  ed conditioned medium 
containing Sema4D (at the indicated concentrations), and subjected to 
immunoprecipitation (IP) with anti-Met antibody. Probing the blot with an-
tiphosphotyrosine antibodies showed that Sema4D treatment induces Met 
tyrosine phosphorylation at 1.25 and 5 nM concentrations, whereas 
25-nM Sema4D stimulation did not activate Met. The control of the amount 
of the immunoprecipitated protein is shown on the bottom. Experiments 
were performed at least three times with similar results. The black lines indicate 
that intervening lanes have been spliced out.     561 SEMA4D-MEDIATED G  N  RH-1 CELL MIGRATION   • Giacobini et al. 
the aggregate in the presence of a source of Sema4D, as compared 
with mock treatment (  Fig. 7, b and c  ). Moreover, asymmetrical 
directional migration of GN11 cells pointed to a chemoattrac-
tive activity of Sema4D (  Fig. 7, b and c  ). Such an attractive ef-
fect was prevented when the Met inhibitor PHA was applied to 
the culture medium (  Fig. 7, b and c  ). These results were further 
confi  rmed by blocking Met activation with RNA interference 
technology. GN11 cells were infected with a lentiviral construct 
expressing both a Met-specifi  c short hairpin RNA (shRNA) se-
quence (shRNA Met;   Pennacchietti et al., 2003  ) and the marker 
GFP, under control of a separate promoter. As a specifi  city con-
trol, we used a construct expressing a mismatched Met shRNA 
sequence (shRNA cntr). Infection effi  ciency was confi  rmed by 
visualization of GFP expression under a fl  uorescent microscope 
(  Fig. 8, a and b  ), and Met silencing was verifi  ed by Western blot 
analysis (  Fig. 8 c  ). 
[ID]FIG8[/ID]  As shown in   Fig. 8 c  , infection with Met 
shRNA impaired the expression of Met in these cells, whereas 
cntr shRNA did not decrease Met expression compared with GN11 
WT cells (WT). PlexinB1 expression was not affected after 
infection (  Fig. 8 c  ). To determine the biological signifi  cance of 
Met in Sema4D-mediated GN11 cell migration, we performed 
migration assays using the Boyden  ’  s chamber. As expected, cntr 
cells migrated toward a source of HGF as well as of Sema4D 
( Fig. 8 d ). In contrast, Met-silenced cells displayed impaired ability 
in responding to either of the two chemoattractive factors ( Fig. 8 d ). 
These results show that Sema4D-induced motogenic activity of 
GnRH-1 cells is mediated by PlexinB1  –  Met complex. 
  Discussion 
  Although initially characterized as repulsive neuronal guidance 
cues, semaphorins are now considered versatile signals regulat-
ing cell migration ( Casazza et al., 2007 ;  Zhou et al., 2008 ). Sema-
phorin receptors falling into the PlexinB subfamily are expressed 
in striking patterns in the developing nervous system ( Worzfeld 
et al., 2004 ;  Perala et al., 2005 ;  Pasterkamp et al., 2007 ); however, 
their functional relevance in vivo is poorly understood (  Deng et al., 
2007  ;   Fazzari et al., 2007  ;   Friedel et al., 2007  ). 
  We demonstrate here that Sema4D is robustly expressed 
along the GnRH-1 migratory route during mouse embryonic devel-
opment, with higher levels in the fi  nal target areas. We found that 
the Sema4D receptor, PlexinB1, is expressed in migratory GnRH-1 
cells exiting the olfactory neuroepithelium. These data were 
confi  rmed by single-cell RT-PCR analysis on primary GnRH-1 
neurons isolated from nasal explants. PlexinB1 expression cor-
related with the migratory stage of these cells, being higher at 3 
and 4.5 div and down-regulated in postmigratory GnRH-1 neu-
rons (10 and 28 div). Recent work has shown a key requirement 
for PlexinB2 but not PlexinB1 in the patterning of the vertebrate 
nervous system in vivo (  Deng et al., 2007  ). Our single-cell RT-
PCR data provide evidence that GnRH-1 cells do not express 
PlexinB2 at any developmental stage analyzed, thus excluding a 
possible direct involvement of this receptor in the cellular re-
sponse mediated by Sema4D. We further showed that Sema4D 
binds the developing VNO/OE epithelia, and that PlexinB1  –
 Sema4D binding is much stronger than PlexinB2 – Sema4D in these 
regions. Moreover, we demonstrated that in PlexinB1 
+/+   animals, 
PHA-665752 (PHA;   Fig. 7 b  ). 
[ID]FIG7[/ID]  This highly specifi  c small-
molecule inhibitor has an IC50 for Met in the nanomolar range, 
  >  1,000 times higher than that for other receptor tyrosine kinases 
(  Christensen et al., 2003  ). Treatment of GN11 cells with 200 nM 
and 500 nM PHA, respectively, curbed the phosphorylation of 
Met down to levels comparable to cntr conditions (  Fig. 7 a  ). 
In coculture experiments, many more GN11 cells migrated out of 
  Figure 6.       Soluble Sema4D triggers GN11 cell motility.   (a) Soluble 
Sema4D (5 nM) exposure (10 min) triggered dramatic cytoskeletal re-
arrangements in GN11 cells. Under such stimulation, we observed the forma-
tion of membrane rufﬂ  es and lamellipodial extensions (arrow) as visualized 
by F-actin staining. No morphological changes were observed when cells 
were stimulated with the concentrated mock-transfected supernatants (cntr, 
left). After the treatment, cells were stained with phalloidin-rhodamine (red) 
and with the nuclear dye DAPI (blue). (b) Chemotactic response of GN11 
cells cultured for 24 h in serum-deprived medium before the chemomigra-
tion assay. A Boyden  ’  s chamber assay was performed in the absence (cntr, 
  n   = 11) or presence of increasing concentrations of soluble Sema4D (0.5 
nM,   n   = 13; 2.5 nM,   n   = 11; 5 nM,   n   = 10; 10 nM,   n   = 7). Chemotactic 
(CT;   n   = 10) and chemokinetic (CK;   n   = 18) responses of GN11 cells were 
calculated in the presence of 5 nM Sema4D placed in the lower chamber 
(LC) or in the upper chamber (UC) and LC, respectively. (c) Sema4D and 
HGF cooperate to induce tyrosine phosphorylation of Met. GN11 cells 
were stimulated for 30 min with 5 nM Sema4D and 0.5 nM HGF at the 
doses known to induce the maximal biological responses in these cells, 
either alone or added together. Cells were subsequently extracted and 
immunoprecipitated with anti-Met antibodies. Blots were probed with anti-
phosphotyrosine (top) and anti-mMet antibodies (middle). Quantiﬁ  cation 
of tyrosine phosphorylation is shown on the bottom. Black lines indicate 
that intervening lanes have been spliced out. (d) A Boyden  ’  s chamber as-
say was performed in the presence of Sema4D and HGF, either alone 
or in combination. When 5 nM Sema4D and 0.5 nM HGF were added 
together, the migrated cells were increased as compared with all other 
treatments (cntr,   n   = 17; Sema4D,   n   = 26; HGF,   n   = 12; HGF + Sema4D, 
  n   = 19). (e) Representative images of a Boyden  ’  s chamber assay showing 
that GN11 cells migrated through 8-  μ  m membrane pores, attracted by 
5 nM Sema4D, 0.5 nM HGF, or both ligands added to the lower chamber. 
Cells that migrated to the other side of the ﬁ  lter were stained with DAPI 
and counted. Quantiﬁ  cation of DAPI-stained nuclei is shown in panel d for 
comparison. Quantitative data of Boyden  ’  s chamber experiments (b and d) 
are mean   ±   SEM. ANOVA followed by Fisher  ’  s LSD post hoc analysis was 
used to compare groups. *, P   <   0.01; **, P   <   0.001; ***, P   <   0.0001. 
Bars: (a) 10   μ  m; (e) 50   μ  m.     JCB • VOLUME 183 • NUMBER 3 • 2008  562
both in vivo and in vitro. Here, we fi  nd that PlexinB1-null mice 
show defi  cits consistent with reduced migration of GnRH-1 neu-
rons. The development and organization of the olfactory axonal 
scaffold in PlexinB1 
   /     mice did not show abnormalities, which 
suggests that the migratory defect might be cell autonomous rather 
than dependent on alterations of the olfactory axonal pathway. 
In brains of adult mutant animals, the population of GnRH-1 cells 
was signifi  cantly reduced, by approximately one third compared 
with PlexinB1 
+/+   littermates. Consistently, the median eminence 
of these mice also appeared less innervated by GnRH-1 fi  bers as 
compared with WT. Our single-cell RT-PCR data revealed that 
GnRH-1 neurons differ in their PlexinB1 expression as a function 
of age. This might explain why only a fraction of neurons are 
affected by the lack of PlexinB1 gene. It is important to empha-
size that a high degree of heterogeneity within the GnRH-1 neu-
ron population has been documented extensively during the last 
years (  Herbison et al., 2007  ;   Schwarting et al., 2007  ). This seems 
to warrant the fact that no single genetic mutation may totally 
prevent these neurons from reaching their fi  nal destinations 
(  Schwarting et al., 2007  ). Therefore, it is likely that failure of pu-
berty in mammals may only occur when the majority of GnRH-1 
neurons are affected by multigenic mutations (  Herbison et al., 
2007  ;   Kim et al., 2007  ). 
Sema4D-AP  –  positive cell clusters migrating off the developing 
VNO are indeed GnRH-1 neurons. 
  Additional semaphorins and semaphorin receptors may play 
a role in this system. Recently, the Sema7A receptor, PlexinC1, 
was found to be expressed in migratory GnRH-1 cells in rats 
(  Pasterkamp et al., 2007  ).   Cariboni et al. (2007)   reported a direct 
role for Sema3F as a repellent for the migration of GnRH-1 cells 
  Figure 7.       GN11 cells migrate toward a source of Sema4D by activating 
Met.   (a) Validation of the Met pharmacological inhibitor PHA. GN11 cells 
were stimulated for 20 min with HGF in the presence or absence of the 
indicated doses of PHA, then subjected to immunoblotting using antibodies 
against the phosphorylated form of Met (P-Met, top), Met (middle), and 
actin (bottom). As expected, HGF stimulation triggers a robust Met phos-
phorylation as compared with the untreated cell lysates. This effect was 
prevented when HGF was applied together with PHA. (b) Three-dimen-
sional matrix assays were performed by coculturing GN11 cell aggregates 
(arrow) with COS cell aggregates (arrowhead) expressing or not express-
ing recombinant soluble Sema4D, and in the presence or absence of PHA. 
After 72 h, all cell aggregates were ﬁ  xed and stained with the nuclear dye 
Sytox green, and photographs were taken for quantitative analysis. Photo-
micrographs have been digitally inverted, and a pseudocolor (purple) has 
been superimposed to highlight the cell distribution. GN11 cells migrate 
out of the aggregate symmetrically in the case of cntr COS cells (mock; 
top), whereas they are strongly attracted by Sema4D-expressing COS cell 
aggregates (Sema4D; middle). In these experimental conditions, GN11 
cells migrate more than in cntr conditions, and they are more numerous 
in the quadrant facing the Sema4D source (proximal side). This effect was 
prevented when PHA was added in the medium (Sema4D + PHA; bottom). 
Bars: (left) 250   μ  m; (right) 50   μ  m. (c) Quantitative analysis was performed 
by measuring the area covered by GN11 cells outside the aggregates 
(mock,   n   = 5; Sema4D,   n   = 3; Sema4D + 200 nM PHA,   n   = 3; Sema4D + 
500 nM PHA,   n   = 3). The migration area was measured in the proximal 
and distal quadrants as the surface covered by Sytox green nuclear stain-
ing, excluding the aggregate inner mass area, and expressed as mean   ±   
SEM. ***, P   <   0.0001 from two-way ANOVA analysis. d, distal side; 
p, proximal side.     
  Figure 8.       Met is required to elicit Sema4D-induced migration in GN11 
cells.   (a  –  c) Validation of the RNA interference lentiviral system. GN11 cells 
were infected with a lentiviral construct encoding for a Met shRNA 
sequence (shRNA Met) or for a mismatched Met shRNA (shRNA cntr), and 
for the GFP sequence. Infection efﬁ  ciency was conﬁ  rmed by visualization 
of GFP expression under the ﬂ  uorescent microscope (a). Virtually all GN11 
cells express GFP (a and b). Bar, 10   μ  m. (c) Western blot analysis of Met 
protein levels in total cell lysates demonstrated that, in Met shRNA  –  infected 
cells, Met was silenced (bottom). On the contrary, in shRNA cntr cells and 
in WT cells, Met levels were normal. PlexinB1 expression was comparable 
in all cell lysates (top). (d) shRNA cntr cells or shRNA Met cells were treated 
with 5 nM Sema4D or 0.5 nM HGF in Boyden  ’  s chamber assays (shRNA 
cntr: cntr,   n   = 28; Sema4D,   n   = 21; HGF,   n   = 23; shRNA Met: cntr,   n   = 13; 
Sema4D,   n   = 29; HGF,   n   = 26). Cells that migrated to the lower side of the 
ﬁ  lters were counted. GN11 cells in which Met was silenced were unable 
to migrate toward a Sema4D gradient. Results are expressed as mean   ±   
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  Finally, we demonstrated the requirement for Met in 
Sema4D-induced directional migration on GN11 cells by three-
dimensional coculture experiments in the presence of a Met-specifi  c 
kinase inhibitor and by chemotaxis assays in which we interfered 
with Met expression through RNA interference technology. 
  It has now become clear that GnRH-1 migratory process is 
not only dependent on the expression of specifi  c receptors in these 
neurons but also on their ability to process guidance information 
provided by their surroundings. Our results shed light on a novel 
function for Sema4D as a long-range guidance cue in the GnRH-1 
neuronal migration and identify PlexinB1  –  Met interaction as an 
essential requirement for Sema4D promigratory effect in this 
system. These data advance our understanding on the molecular 
mechanisms controlling the development of GnRH-1 system and 
may represent an important asset to elucidate the etiology of 
numerous forms of IHH. 
  Materials and methods 
  Animals 
  Experiments were conducted in accordance with current European Union 
and Italian law, under authorization of the Italian Ministry of Health, No. 
66/99-A. CD-1 embryos (Charles River Laboratories) were harvested at 
E11.5, E12.5, E14.5, and E17.5 (plug day, E0.5) and used for RNA isolation, 
or ﬁ  xed overnight at 4% PFA in 0.1 M phosphate buffer, pH 7.4, cryopro-
tected, then frozen and stored (    80  °  C) until processing for immunocyto-
chemistry. PlexinB1 
    /     , Sema4D 
    /     , and their WT littermates have been 
described previously (  Shi et al., 2000  ;   Fazzari et al., 2007  ). Sema4D KO 
mice (  Shi et al., 2000  ) were provided by H. Kikutani (Research Institute for 
Microbial Diseases, Osaka University, Osaka, Japan). Adult mice were 
anesthetized with an intraperitoneal injection of 200 mg/kg ketamine and 
perfused with 4% PFA. 
  Immunocytochemistry 
  Primary antisera used were against GnRH-1: SW-1, and rabbit (Rb) poly-
clonal (  Wray et al., 1988  ), provided by S. Wray (National Institute of 
Neurological Disorders and Stroke, National Institutes of Health, Bethesda, 
MD); PlexinB1: IC-2 (  Artigiani et al., 2003  ), Rb, and H300, Rb, (Santa 
Cruz Biotechnology Inc.); Semaphorin 4D: CD100, mouse monoclonal 
(BD Biosciences), H300 Rb (Santa Cruz Biotechnology, Inc.) and BMA-12, 
rat IgG2a (eBioscience, Inc.); peripherin (No. AB1530, Rb; Millipore); 
NCAM (No. C9672, mouse monoclonal IgG; Sigma-Aldrich); Met (No. 
SP260 and No. H-190, rabbit polyclonal; and No. B-2, mouse mono-
clonal IgG; Santa Cruz Biotechnology, Inc.). Immunohistochemistry was 
performed as described previously (  Giacobini et al., 2007  ). For double 
immunoperoxidase staining, the chromogen for the ﬁ  rst antigen  –  antibody 
complex was DAB (brown precipitate;   Kramer and Wray, 2000  ), whereas 
the chromogen for the second antigen  –  antibody complex was SG sub-
strate (blue precipitate; Vector Laboratories). For double-immunoﬂ  uores-
cence experiments, Alexa Fluor 488  –   and Alexa Fluor 568  –  conjugated 
secondary antibodies (Invitrogen) were used. F-actin was stained with 
rhodamine-labeled phalloidin (Invitrogen). Fluorescent specimens were 
mounted in 1,4-diazabicyclo[2.2.2]octane (DABCO; Sigma-Aldrich). 
  Image analysis 
  Images were captured using a microscope (Eclipse 80i; Nikon) and 2  ×  /0.06 
NA, 10  ×  /0.30 NA, and 20  ×  /0.50 NA objectives (Nikon) equipped with a 
digital camera (CX 9000; mbf Bioscience). For the observation coupled 
with confocal analysis, a laser-scanning Fluoview confocal system (IX70; 
Olympus) and 10  ×  /0.30 NA, 20  ×  /0.70 NA, and 60  ×  /1.25 NA objec-
tives (Olympus) were used. For the subsequent analysis of the digitized pic-
tures, ImageJ (National Institutes of Health) and Photoshop (Adobe) software 
were used. 
  Nasal explants 
  Embryos were obtained from timed pregnant animals in accordance with 
current European Union and Italian law, under authorization of the Italian 
Ministry of Health, No. 66/99-A. Nasal pits of E11.5 staged CD-1 em-
bryos (Charles River Laboratories) were isolated under aseptic conditions 
  It is possible that in PlexinB1 mutant animals, the GnRH-1 
cells that do not reach the fi  nal target areas at the right time may 
be eliminated by cell death. However, because of the small size of 
the GnRH-1 neuronal population and the limited temporal win-
dow during which apoptosis takes place, it was not possible to 
determine if this was the case. In other mutant mice, such as neuro-
pilin 2 
   /   ,  netrin1 
   /    , and ephrin3  –  5 
   /     mice, there also were re-
ported losses in immunoreactive GnRH-1 neuron numbers, but it 
was not feasible to determine the cause (  Schwarting et al., 2004  ; 
  Gamble et al., 2005  ;   Cariboni et al., 2007  ). 
  In our study, we have also analyzed whether mice defi  -
cient for Sema4D would display a GnRH-1 phenotype similar 
to that seen in PlexinB1 KO mice. Sema4D-null mice do not show 
gross abnormalities in other tissues other than the immune sys-
tem (  Shi et al., 2000  ). Our quantitative analysis of the total num-
ber of GnRH-1 cells in adult brains revealed no differences in 
the size of this neuronal population between WT and mutant mice 
(WT: 654  ±  16.5,  n  = 4; Sema4D 
   /   : 660  ±  24,  n  = 3;  t  test, P = 0.8), 
which suggests that the absence of this semaphorin could be com-
pensated by alternative, as yet unidentifi  ed, ligands for PlexinB1, 
or by the potentiation of other synergistic morphogenetic sig-
nals such as netrins, SDF-1, and HGF (  Schwarting et al., 2001  , 
 2004 ,   2006 ;   Giacobini  et  al.,  2007 ). 
  Sema4D-induced signaling pathways can use different 
mechanisms to elicit either repulsion/inhibition of cell motility 
or promigratory/chemoattractive responses (  Zhou et al., 2008  ). 
In PC12 cells, Sema4D activation of PlexinB1 suppresses cell 
migration through inhibition of R-Ras and, subsequently, of    1-
integrin activity (  Oinuma et al., 2006  ). In other cellular systems, 
Sema4D effects seem to be gated through the association of the 
receptor PlexinB1 with tyrosine kinases such as Met, Ron, and 
ErbB2 (  Giordano et al., 2002  ;   Conrotto et al., 2004  ;   Swiercz 
et al., 2004  ;   Conrotto et al., 2005  ;   Swiercz et al., 2007  ). Our data 
demonstrate for the fi  rst time in neurons a structural and func-
tional association of PlexinB1 and Met receptors (holoreceptor 
complex) in GN11 cells. Moreover, Sema4D stimulation in-
creases the holoreceptor complex formation. We observed a bell-
shaped curve of Met tyrosine kinase activation in response to 
increasing concentrations of Sema4D, which parallels the bell-
shaped curve of Sema4D-stimulated cell motility. One possible 
explanation for this observation is that Sema4D may be released 
by cells in monomeric and homodimeric forms (  Elhabazi et al., 
2001  ), this last being generally preferred when the semaphorin is 
present at high concentrations. It is not known which is the rela-
tive ability of the two forms in stimulating the formation of 
PlexinB1  –  Met complexes, but it is conceivable that their relative 
amount can modulate PlexinB1 homo- or heterodimerization. 
  We recently showed that HGF is expressed in the nasal com-
partment at early stages of development and that it promotes the 
migration of Met-expressing immortalized and primary GnRH-1 
neurons (  Giacobini et al., 2002  ,   2007  ). Notably, HGF expression 
pattern in the nasal region of mouse embryos parallels that of 
Sema4D. In this paper, we identifi  ed an additive effect of HGF and 
Sema4D for Met activation and a consequent increase in cell motil-
ity as compared with the single ligands stimulations. These results 
suggest that HGF and Sema4D, in vivo, might act in a combinato-
rial manner to allow a fi  ne spatial tuning of GnRH-1 migration. JCB • VOLUME 183 • NUMBER 3 • 2008  564
for 10 min. For cell stimulation with mock treatment, we used appropriate 
dilution of elution buffer used to purify the fused Sema4D-GST from Sepha-
rose glutathione chromatography or of concentrated 48-h conditioned me-
dia from mock-transfected COS cells. 
  Protein analysis 
  Except for the immunoprecipitation experiment, cells were lysed and pro-
teins were extracted in boiling extraction buffer (125 mM Tris-HCl, pH 6.8, 
and 2.5% SDS). For immunoprecipitations, cells were lysed with modiﬁ  ed 
RIPA buffer (20 mM Tris-HCl, pH 7.4, 5 mM EDTA, 150 mM sodium chlo-
ride, 10% glycerol, and 1% Triton X-100) in the presence of 1   μ  g/ml leu-
peptin, 3   μ  g/ml aprotinin, 1   μ  g/ml pepstatin, 2 mM phenylmethylsulphonyl 
ﬂ  uoride, and 1 mM sodium orthovanadate. 1  –  2-mg proteins were immuno-
precipitated for 2 h at 4  °  C with the indicated antibodies. After immunopre-
cipitation, high-stringency washes were performed (modiﬁ  ed RIPA buffer 
containing 1 M lithium chloride). Western blots were performed according 
standard methods, and nitrocellulose membranes were probed with phos-
photyrosine PY20 monoclonal antibody (BD Biosciences), Met (B-2, mouse 
monoclonal IgG; Santa Cruz Biotechnology Inc.; mouse anti  –  human Met 
monoclonal antibody; Invitrogen), anti  –  phospho-Met (P-Met rabbit poly-
clonal antibody; Cell Signaling Technology), PlexinB1 (A-8, mouse mono-
clonal IgG; Santa Cruz Biotechnology, Inc.), and mouse monoclonal 
    -actin (Sigma-Aldrich). 
  Boyden  ’ s chamber assay 
  The assay was performed using a 48-well Boyden  ’  s microchemotaxis cham-
ber according to manufacturer’s instructions (Neuro Probe). In brief, the cells 
grown in complete medium until subconﬂ  uence were harvested, and the sus-
pension (10 
5   cells/50   μ  l serum-free DME) was placed in the open-bottom 
wells of the upper compartment. Each pair of wells was separated by a poly-
vinylpyrrolidone-free polycarbonate porous membrane (8-  μ  m pores) pre-
coated with gelatin (0.2 mg/ml in PBS). The lower chamber of the Boyden  ’  s 
apparatus was ﬁ  lled with DME FBS 0% in the absence or in the presence of 
0.5 nM HGF/scatter factor and 0.5, 2.5, 5, and 10 nM Sema4D. 
  Chemokinesis (stimulation of increased random cell motility) was 
distinguished from chemotaxis by placing the same concentration of the 
factor in both the upper and lower wells of the Boyden  ’  s chamber, thereby 
eliminating the chemical gradient. After 4 h of incubation, cells attached to 
the upper side of the ﬁ  lter were mechanically removed. Cells that migrated 
to the lower side were ﬁ  xed and stained with either DAPI nuclear dye or 
Diff Quick staining kit (Dade Behring AG) according to the manufacturer  ’  s 
instructions. The stained cells were photographed and counted. 
  Cell aggregates 
  Three-dimensional matrix assays were performed by coculturing GN11 
cell aggregates with COS cell aggregates expressing or not expressing re-
combinant soluble Sema4D in the presence or absence of the PHA inhibi-
tor. For the aggregates, cells were collected by trypsinization, resuspended 
in 5   μ  l (GN11) or 20   μ  l (COS) of growth factor  –  free Matrigel (BD Bio-
sciences; 10 
6   cells/ml for both GN11 and COS cells), and placed on the 
lid of a culture dish. As the droplets of cell aggregates were set, they were 
plated onto a growth factor  –  reduced Matrigel-coated Millicell inserts (Milli-
pore) and kept in culture for 72 h. For analysis, the aggregates were ﬁ  xed 
with PFA 4% for 40 min and stained with 167 nM of the nuclear marker 
Sytox green (Invitrogen) for 30 min at room temperature. 
  Generation of plasmids, lentivirus vector preparation, and in vitro 
cell transduction 
  The cntr/Met shRNA plasmids have been described previously (  Corso et al., 
2008  ). Vector stocks were produced as described previously (  Vigna and 
Naldini, 2000  ). The concentration of viral p24 antigen was assessed using 
the HIV-1 p24 core proﬁ  le ELISA kit (PerkinElmer) according to the manufac-
turer  ’  s instructions. Cells were transduced overnight with 0.2   μ  g/ml of p24 
equivalents in the presence of 8   μ  g/ml polybrene (Sigma-Aldrich). 
  Statistical analysis 
  For comparison of multiple groups, statistical signiﬁ  cance was determined 
using a two-way analysis of variance (ANOVA; for Gaussian distributed 
data) followed by Fisher  ’  s least signiﬁ  cant difference post-hoc analysis or 
Kruskal-Wallis (nonparametric) tests. For comparison between paired nor-
mally distributed data, a paired   t   test was used. The signiﬁ  cance level was 
set at P   <   0.05. Data groups are indicated as mean   ±   SEM (for normally 
distributed data). A nonparametric unpaired   t   test (Wilcoxon-Mann-Whit-
ney) was used to compare percentages of primary GnRH-1 cells at differ-
ent in vitro stages expressing speciﬁ  c transcripts. The signiﬁ  cance level was 
set at P   <   0.01. 
in Gey  ’  s Balanced Salt Solution (Invitrogen) enriched with glucose (Sigma-
Aldrich) and maintained at 4  °  C until plating. Nasal explants were placed 
onto glass coverslips coated with 10   μ  l of chicken plasma (Cocalico Bio-
logicals, Inc.). 10   μ  l thrombin (Sigma-Aldrich) was then added to adhere 
(thrombin/plasma clot) the explant to the coverslip. Explants were main-
tained in deﬁ  ned serum-free medium (  Fueshko and Wray, 1994  ) contain-
ing 2.5 mg/ml fungizone (Sigma-Aldrich) at 37  °  C with 5% CO  2   for up to 
30 div. From culture day 3 to day 6, fresh media containing ﬂ  oxuridine 
(8   ×   10 
    5   M; Sigma-Aldrich) was given to inhibit proliferation of dividing 
olfactory neurons and nonneuronal explant tissue. The media was changed 
to fresh serum-free medium twice a week. 
  Single GnRH-1 cell isolation and PCR analysis 
  Cell isolation and single-cell RT-PCR were performed as described previ-
ously (  Giacobini et al., 2007  ). In brief, nasal explants were washed twice 
with 1  ×   PBS (without Mg 
2+   or Ca 
2+  ), and single GnRH-1 cells were identi-
ﬁ  ed by their bipolar morphology, association with outgrowing axons, and 
location, and then isolated from nasal explants using a micropipette con-
trolled by a micromanipulator (Narishige) connected to an inverted micro-
scope (IX51; Olympus). cDNA was produced, and PCR ampliﬁ  cation was 
performed as described previously (  Kramer et al., 2000  ). The resulting 
product was phenol-chloroform  –  extracted and then ethanol precipitated, 
and an aliquot was run on a 1.5% agarose gel. 500 ng of E17.5 total 
brain RNA served as a positive control. All cDNA pools were initially 
screened for GnRH-1 (correct cell phenotype),     -tubulin, and L19 (two 
housekeeping genes, microtubule and ribosomal) using PCR. All cells used 
in this study were positive for all three transcripts. Images were captured 
using a gel documentation system (Gel Doc) and analyzed using Quantity 
One software (both from Bio-Rad Laboratories). 
  Analysis of GnRH-1 neurons in PlexinB1- and Sema4D-deﬁ  cient mice 
  Serial sections (16-  μ  m thickness) from PlexinB1 
    /      and WT E14.5 and P3 
mice were cut (cryostat; Leica). Immunohistochemistry for GnRH-1 and pe-
ripherin was performed as described (see “Immunocytochemistry”). Quantita-
tive analysis of GnRH-1 neuronal numbers was performed as a function of 
location (see   Fig. 2  ). Sagittal free-ﬂ   oating sections (30-  μ  m thickness) from 
adult PlexinB1 
    /     , Sema4D 
    /     , and respective WT mice were cut and la-
beled for GnRH-1 as described (see “Immunocytochemistry”) (GnRH-1 immuno-
reactivity was visualized using a DAB substrate). The total numbers of GnRH-1 
cells were counted in each brain. 
  Cell cultures 
  All cell lines were grown in monolayer at 37  °  C in a 5% CO  2  , in DME (Invi-
trogen) containing 1 mM sodium pyruvate, 2 mM glutamine (Invitrogen), 
100   μ  g/ml streptomycin, 100 U/ml penicillin, and 4,500 mg glucose (MP 
Biomedicals), supplemented with 10% FBS (Invitrogen). The medium was 
replaced at 2-d intervals. Subconﬂ  uent cells were routinely harvested by 
trypsinization and seeded in 58-cm 
2   dishes (100,000 cells). Only cells 
within six passages were used throughout the experiments. 
  Production of recombinant Sema4D expression in COS cells 
  Recombinant Sema4D fused to AP (Sema4D-AP) was harvested from the 
conditioned medium (CM) of stably transfected COS cells. Semipuriﬁ  ed size-
fractionated preparations of the semaphorin were obtained from these CM, 
as described previously (  Barberis et al., 2004  ), and their content of Sema4D 
was determined by SDS-PAGE and Coomassie blue staining analysis. The 
puriﬁ  ed recombinant soluble GST-fused Sema4D were produced and puri-
ﬁ  ed from COS cells as described previously (  Giordano et al., 2002  ). 
  Binding assays 
  AP-binding experiments were performed on E14.5 PFA 4% ﬁ  xed sections 
(16-  μ  m thick). After a blocking step in PBS with 10% fetal bovine serum 
(Invitrogen), sections were incubated with supernatant from Sema4D-AP  –
  transfected COS7 cells for 2 h and then ﬁ  xed in 4% PFA for 20 min. En-
dogenous phosphatase were inactivated at 65  °  C for 30 min in PBS. 
Ligand bound to sections was revealed in Tris, pH 9.5, 5 mM MgCl  2  , 
100 mM NaCl, 0.3 g/liter 4-nitro blue tetrazolium chloride, and 0.25 g/
liter 5-bromo-4-chloro-3-indolyl-phosphate (Promega). 
  Cell stimulation 
  For in vivo phosphorylation experiments, subconﬂ  uent cells were grown over-
night in serum-free medium and then stimulated with mock or HGF (0.5 nM), 
puriﬁ   ed recombinant glutathione S-transferase  –  fused Sema4D (Sema4D-
GST), or concentrated Sema4D fused with AP (Sema4D-AP) conditioned 
medium at the indicate concentrations for 30 min. For the cytoskeletal remodel-
ing assay, GN11 cells are treated with mock medium or 5 nM Sema4D-AP 565 SEMA4D-MEDIATED G  N  RH-1 CELL MIGRATION   • Giacobini et al. 
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